The E. coli AcrAB-TolC efflux pump is the best characterized resistance-nodulation-cell 50 division (RND) pump (1) and is capable of extruding a wide variety of structurally diverse 51 compounds, encompassing many clinically administered antibiotics (e.g. beta-lactams, 52 fluoroquinolones, tetracyclines) (2). It is constitutively expressed under physiological 53 conditions and upon exposure to antibiotics mutations in local or global regulator genes can 54 occur, hence leading to overexpression of this efflux pump and a multidrug-resistance (MDR) 55 phenotype (3). 56
To combat MDR, efflux pump inhibitors (EPIs) are an attractive option and several EPIs that 57 act against the AcrAB-TolC efflux pump have already been described in the literature (4-16), 58 among which arylpiperazine and arylmorpholine derivatives constitute some of the largest 59 systematically examined compound classes. 60
In this study we set out to test five compounds belonging to a novel series of piperazine 61 derivatives of arylideneimidazolones for their ability to inhibit the AcrAB-TolC efflux pump. 62
Moreover, since they displayed several structural features reminiscent of fluorescent charge-63 transfer-complexes, we opted to test all of them in a fluorescent spectral scan in whole cells to 64 Thereafter, nitrocefin (final concentration 32 µg/ml) was added to the bacterial suspension in 123 the absence or presence of the EPIs BM-19, BM-38 or PAβN (final concentration 50 µM) and 124 nitrocefin hydrolysis was monitored spectrophotometrically (increase in absorbance at 490 125 nm) using an Infinite 200Pro (Tecan, Crailsheim/Germany) 96-well plate reader. Nile red 126 efflux assay in the absence and presence of the piperazine arylideneimidazolone EPIs. 127
The protocol for the Nile red efflux assay has been published previously (24) and all 128 procedures were carried out, accordingly. Briefly, the cells were cultivated overnight in LB 129 broth to de-energize them. Then, after a washing step they were resuspended in the potassium 130 phosphate buffer and the desired piperazine arylideneimidazolonewas added 15 min after the 131 addition of 5 µM CCCP at a standard concentration of 50 µM to screen for activity in the 132 preliminary experiments. Nile red efflux was initiated by addition of glucose. In case an effect 133 on Nile red efflux was observed, these compounds were re-tested at different concentration 134 ranges from threshold activity to complete abolishment of dye efflux. All assays were at least 135 carried out in triplicate. Since the piperazine arylideneimidazolone efflux experiments 136 demonstrated that these compounds were properly retained within the cell envelope in the de-137 energized state, we did not add them to the cell suspension after the washing step. In the 138 upper concentration range quenching phenomena of varying degrees were observed and 139 compensated for by adjusting the pre-energization fluorescence intensity to 100 relative 140 fluorescence units. Prior to the experiments, it was established that no compound displayed 141 any considerable autofluorescence with the bacterial cells using the Nile red excitation and 142 emission wavelengths. A single bead of the 3-AG100 -80°C frozen stock (maintained in Cryobank vials from Mast  147 Diagnostica GmbH, Reinfeld, Germany) was directly added to 20 mL of LB broth in an 148
Erlenmeyer flask and grown on a shaker (200 rpm; 37°C) for 16-18 hours. Thereafter, a 10 149 mL portion of the culture was centrifuged at 4,000 rpm for 5 min at room temperature. The 150 pellet was resuspended in 20 mM potassium phosphate buffer (pH 7.0) containing 1 mM 151
MgCl 2 (PPB). After another centrifugation and resuspension step, the cells were adjusted to 152 an OD 600 nm of 0.25 in PPB. 153
154
Fluorescent spectral scans of the piperazine arylideneimidazolones in the presence of 155 strain 3-AG100. 156
The 3-AG100 cell suspension was prepared as described above and 2 mL were transferred to 157 a glass cuvette in a Perkin Elmer (Waltham, MA, USA) LS55 spectrofluorimeter. CCCP 158 (final concentration 10 µM) and the respective piperazine arylideneimidazolone (final 159 concentration 10 µM) were added and allowed to rest for 15 min at room temperature. The 160 mixture was stirred with a magnetic stirrer. 
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The cell suspension was prepared as described above and 2 mL were transferred to a glass 170 cuvette in a Perkin Elmer LS55 spectrofluorimeter. The mixture was stirred with a magnetic 171 stirrer. 172
173
The fluorescence intensity was recorded over a time-course of 2000 s using the wavelength 174 settings given in Table 1 . CCCP was added to a final concentration of 5 µM at 50 s. 175 BM-27, BM-36 or BM-38 were then added to a final concentration of 5 µM at 500 s. At 1500 176 s efflux of the respective dye was triggered by the addition of glucose (final concentration 50 177 mM). All assays were at least carried out in triplicate. 178
179

BM-19, BM-27, BM-36 and BM-38 modified real-time efflux assay 180
Alternatively, the piperazine arylideneimidazolone real-time efflux assay was performed as 181 described previously for the fluorescent membrane probe 1,2'-DNA (25). Briefly, after 182 loading the de-energized cells with the dye, the cells were centrifuged and washed once in 183 PPB to remove CCCP and the dye from the extracellular PPB. Thereafter, the fluorescence 184 intensity was recorded and glucose was added for energization as described above. 185
186
Cytotoxicity assays 187
Human liver carcinoma HepG2 cell viability after 72h of incubation with the piperazine 188 arylideneimidazolones and the reference cytostatic drug doxorubicine was determined by 189 performing the CellTiter 96 AQueous non-radioactive cell proliferation assay (Promega 190 GmbH, Mannheim, Germany) . 
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205
Antimicrobial activity of the piperazine arylideneimidazolones in the E. coli and P. 206 aeruginosa strains overproducing or lacking a major RND efflux pump. 207
The MICs of the various compounds for the E. coli and P. aeruginosa strains are given in 208 Table 2 . BM-38 was found to be the compound with the lowest MIC in the AcrAB-TolC 209 overproducing E. coli strain 3-AG100 (100 µM), whereas BM-9 displayed MICs greater than 210 1600 µM. Both P. aeruginosa strains displayed the same MICs (400 µM) for BM-19 and BM-211
212 213
BM-19 and BM-38 are weak permeabilizers of the outer membrane in an acrB-deficient 214
E. coli strain 215
BM-19 and BM-38 (50 µM) were found to weakly permeabilize the outer membrane of E. 216 coli ESBL strain KUN9180ΔacrB as determined by a nitrocefin hydrolysis assay in the 217 absence of MgCl 2 in the cell suspension (Fig 1a) . BM-19's effect was slightly more 218 pronounced than that of BM-38. PAβN however, was found to markedly enhance nitrocefin 219 hydrolysis in MgCl 2 free cell suspension, as described previously (13). When the experiments 220 were carried out in medium containing 1mM MgCl 2 the nitrocefin hydrolysis curves of all 221 three EPIs approached the no-EPI control curve (Fig. 1b) . 222 223 224 BM-19 and BM-38 inhibit Nile red efflux in the acrAB overexpressing strain 3-AG100. 225 BM-9, BM-27, and BM-36 had no impact on Nile red efflux at concentrations of up to 50 µM. 226
However, it was found that both BM-19 and BM-38 inhibited Nile red efflux in a dose-227 dependent manner (Fig. 2a+b) . The first effects were seen at 25 µM and at 100 µM efflux 228 was completely abolished. Since BM-9, BM-27 and BM-36 had no impact on E. coli Nile red efflux at concentrations up 233 to 50 µM (see above), we opted to examine only BM-19 and BM-38 for their ability to 234 sensitize our 3-AG100 E. coli strain to various antibiotics. All results are given in Table 3 . 235 BM-38 (MIC in 3-AG100 100 µM), as described above, had been found to possess the best 236 antimicrobial activity but did only display relatively weak potentiating activity. At ¼ MIC, 237 BM-38 reduced the MIC of rifampicin by 4-fold, and the MICs of oxacillin and linezolid by 238 two-fold, but it had no effect on the MICs of the other tested antibiotics even when the 239 concentration of BM-38 was raised to ½ MIC. With the exception of BM-9 (which also did only display a weak fluorescence signal upon 254 dye loading) every compound produced different spectra in the de-energized versus the 255 energized state using whole cells and possessed a second emission maximum in the near-256 infrared range. The BM-27 spectral scans are depicted in Fig. 3 . 257
The optimal excitation and emission wavelengths for the individual dyes are given in Table 1 . 258 259 Using this data, combined influx and efflux assays could be performed. Optimization 260 experiments determined that a CCCP concentration of 5-10 µM and a dye concentration of 5 261 -10 µM gave the highest ratio between fluorescence intensity in the dye-loaded de-energized 262 state and in the energized state (data not shown). Of all compounds tested, BM-27 was found 263 to be the dye which showed the most dramatic drop in fluorescence intensity after 264 energization of the cells (Fig. 4) . The other compounds demonstrated a more moderate but 265 still clearly visible drop in fluorescence intensity after onset of efflux. 266
The influx rates differed considerably between the dyes in the following order from fast influx 267 to slow influx: BM-38 > BM-19 > BM-36 > BM-27. 268
Using CCCP concentrations of around 5 µM for the combined influx and efflux assays, efflux 269 could easily be triggered by the addition of 50 mM glucose. Performing a more classical 270 efflux assay, where most of the CCCP was removed by a washing step before energization, it 271 could be demonstrated that the dyes were easily retained in the cell envelope like 272 demonstrated previously with the dyes Nile red (24) and 1,2'-DNA (25). The washing step led 273 to a moderate acceleration of dye efflux ( Thus, the 5-aromatic area of the compound BM-38 creates a spatial hindrance of the fused 323 triple rings that might significantly impact the fit within the AcrB binding pocket. 324
We therefore hypothesize that the more rigid structure of BM-38 may make it harder for this 325 electromagnetic spectrum, where the signal-to-noise ratio in biological samples is typically 342 high due to low autofluorescence. Contrary to the highly hydrophobic dyes 1,2'-DNA and 343
Nile red however, this new group of dyes is readily water-soluble, so that no organic solvents 344 have to be used, which may adversely affect dye efflux. Moreover, the hydrophobicity may 345 pose problems with adhesion to reaction vessels thus rendering the use in a reproducible 346 influx assay almost impossible. Due to their amphiphilic nature, the piperazine 347 arylideneimidazolones are membrane probes for which combined influx and efflux assays can 348 be readily performed. MIC to influx and efflux characteristics in a given strain. The background is that researchers 359 typically compare MIC ratios established in RND pump overproducers versus the RND pump 360 deficient strain to assess whether a given substrate is a good or poor substrate of an RND 361 efflux pump. However, without knowledge of influx rates, MIC ratios tell us nothing about 362 the corresponding efflux rates. In fact, a compound may be an excellent substrate of an RND 363 efflux pump, but due to its high influx rate the pump may simply be overwhelmed by 364 substrate accumulation leading to no or very little difference in MICs as demonstrated 365 previously in a study on beta-lactam efflux (26). 366 367 From the MIC ratio between the AcrAB-TolC overproducing 3-AG100 strain (MIC 100 µM) 368 and the ΔacrB strain (MIC 50 µM) -which is only 2 -one would conclude that BM-38 is a 369 poor substrate of this pump. However, the real-time efflux assay clearly demonstrates that this 370 compound is in fact an excellent substrate. As explained above, the influx of BM-38 seems to 371 be quite fast ( although this compound seemed to be a weaker permeabilizer than BM-19 in 372 the nitrocefin assays) relative to the efflux rates and thus even a highly active efflux pump 373 may not be capable of pumping out enough substrate to markedly decrease its MIC. In fact, 374 since the piperazine arylideneimidazolone efflux assays can be easily combined with an influx 375 assay, it was found that influx in de-energized cells is occurring quite rapidly with BM-38(more than 90 % dye accumulation reached about 100 s into an experiment), whereas it takes 377 much longer (up to 1000 s) for BM-27, which is not an EPI. Hence, overwhelming the efflux 378 pump by rapid influx of a substrate may be a good strategy to outcompete at least a subset of 379 xenobiotics that use similar routes and recognition sites across the pump protein. 380
Unfortunately, as described previously (24, arylideneimidazolones as fluorescent membrane probes in the acrAB-overexpressing strain 3-538 AG100. 5 µM CCCP was added to de-energized cells at t = 50 s, 5 µM dye was added at t = 539 500 s and efflux was triggered by addition of 50 mM glucose at t=1500 s. Identical 540 conditions for all dyes (OD 600nm 0.25, near infrared emission maximum as given in Table 1 , 541 slit width 10 nm). 542 
